1 In this paper, transmission over multiaccess fading channels under QoS constraints is studied in the low power regime. QoS constraints are imposed as limitations on the buffer violation probability. The effective capacity, which characterizes the maximum constant arrival rates in the presence of such statistical QoS constraints, is employed as the performance metric. The minimum received bit energy levels and wideband slope regions are characterized for different transmission and reception strategies, namely time-division multiple-access (TDMA), superposition coding with fixed decoding order, and superposition coding with variable decoding order. It is shown that the minimum received bit energies achieved by these different strategies are the same and independent of the QoS constraints. When wideband slope regions are considered, the suboptimality of TDMA with respect to superposition schemes is shown. For the case of superposition coding, it is proven that varying the decoding order at the receiver with the fading realizations does not enlarge the wideband slope region.
I. INTRODUCTION
Energy efficiency is an important consideration in wireless systems and has been rigorously analyzed from an informationtheoretic perspective. In [1] , Verdú has extensively studied the spectral efficiency-bit energy tradeoff in the wideband regime, considering the Shannon capacity as the performance metric. For the Gaussian multiaccess channel, Caire et al. [2] have shown that time division multiple-access (TDMA) is in general a suboptimal transmission scheme in the low-power regime unless one considers the asymptotic scenario in which the power vanishes. It is also shown that fading makes the superposition strategy more favorable. In this analysis, Shannon capacity formulation is again adopted as the main performance metric. However, Shannon capacity does not quantify the performance in the presence of quality-of-service (QoS) limitations in the form of constraints on queueing delays or queue lengths.
At the same time, providing QoS guarantees is one of the key requirements in the development of next generation wireless communication networks. In real time services, such as voice over IP (VoIP) and interactive-video (e.g,. videoconferencing), latency is a key QoS metric. Additionally, for fading channels with random variations and volatile conditions, providing deterministic delay guarantees either is not possible or, when it is possible, requires the system to operate pessimistically and 1 This work was supported by the National Science Foundation under Grants CNS -0834753, and CCF -0917265.
achieve low performance underutilizing the resources. Therefore, wireless systems are better suited to support statistical QoS guarantees.
In [3] , the effective capacity is defined as the maximum constant arrival rate that a given time-varying service process can support while providing statistical QoS guarantees. The analysis and application of effective capacity in various settings have attracted much interest recently (see e.g. [4] - [9] and references therein). For instance, related to this study, we in [7] and [8] addressed the energy efficiency in a single-user setting when the wireless systems operate under buffer constraints and employ either adaptive or fixed transmission schemes for pointto-point links. In [9] , we characterized the effective capacity regions of fading multiaccess channels with different scheduling policies. In that work, it has been found that TDMA and superposition coding with variable decoding with respect to channel states can outperform superposition strategy with fixed decoding.
In this paper, we consider the performance of TDMA and superposition strategies in the presence of statistical QoS constraints but concentrate on the low-power regime. More specifically, we employ the tools provided in [1] and [2] to investigate the minimum bit energy levels and wideband slope regions under QoS constraints. The main results of this paper are the following: The same minimum bit energy is achieved by different transmission and reception schemes and this minimum bit energy level is the same as that attained in the absence of QoS limitations. When a finer analysis is conducted through the study of wideband slope regions, it is noted that TDMA is in general suboptimal with respect to superposition coding, and when superposition schemes are employed for transmission, varying the decoding order at the receiver does not improve the performance in terms of the wideband slope regions.
II. SYSTEM MODEL
As shown in Figure 1 , we consider an uplink scenario where M users with individual power and buffer constraints (i.e., QoS constraints) communicate with a single receiver. It is assumed that the transmitters generate data sequences which are divided into frames of duration T . These data frames are initially stored in the buffers before they are transmitted over the wireless channel. The discrete-time signal at the receiver in the i th Fig. 1 . The system model. symbol duration is given by
where M is the number of users, The channel input of user j is subject to an average energy constraint E{|x j [i]| 2 } ≤P j /B for all j, where B is the bandwidth available in the system. Assuming that the symbol rate is B complex symbols per second, we can see that this formulation indicates that user j is subject to an average power constraint ofP j . With these definitions, the average transmitted signal to noise ratio of user j is SNR j =P j N0B .
III. PRELIMINARIES

A. Effective Capacity Region of the MAC Channel
In [3] , effective capacity is defined as the maximum constant arrival rate that a given service process can support in order to guarantee a statistical QoS requirement specified by the QoS exponent θ. The effective capacity is formulated as
where the expectation is with respect to
, which is the time-accumulated service process, and {s[i], i = 1, 2, . . .} denotes the discrete-time stationary and ergodic stochastic service process. Effective capacity can be regarded as the maximum throughput of the system while the buffer violation probability is guaranteed to decay exponential fast with decay rate controlled by θ, i.e., the buffer violation probability behaves as Pr{Q > Q max } ≈ e −θQmax for large Q max , where Q is stationary queue length. Further details on the operational meaning of the effective capacity can be found in previous works [3] - [9] .
Suppose that Θ = (θ 1 , · · · , θ M ) is a vector composed of the QoS constraints of M users. Let β j = θjT B log e 2 , j = 1, 2, . . . , M be the associated normalized QoS constraints. Also, let
) denote the vector of the normalized effective capacities.
In [9] , the effective capacity regions of the multi-access channel for different scheduling policies have been characterized. The effective capacity region achieved by TDMA is {δj } C(Θ) ≥ 0 :
where δ j is the fraction of time allocated to user j. The effective capacity region achieved by superposition coding with fixed decoding order is given by {τm} C(Θ) ≥ 0 :
where τ m is the fraction of time allocated to a specific decoding order π m , R π −1 m (j) represents the maximal instantaneous service rate of user j at a given decoding order π m , which is given by . Then, the maximum effective capacity that can be achieved by the jth user is
for j = 1, . . . , M, where p z is the distribution function of z and R π
B. Spectral Efficiency vs. Bit Energy
If we denote the effective capacity normalized by bandwidth or equivalently the spectral efficiency in bits per second per Hertz by
then it can be easily seen that the minimum bit energy,
, under QoS constraints can be obtained from [1] E
At
, the slope S 0 of the spectral efficiency versus E b /N 0 (in dB) curve is called as the wideband slope, and is defined as [1] 
Considering the expression for normalized effective capacity, the wideband slope can be found from
whereĊ E (0) andC E (0) are the first and second derivatives, respectively, of the function C E (SNR) (in bits/s/Hz) with respect to SNR at zero SNR [1] . Note that the wideband slope S 0 together with the minimum bit energy
provide a linear approximation of the spectral efficiency curve at low SNRs.
IV. MAIN RESULTS -THE TWO-USER CASE
We concentrate on the two-user multiaccess channel. Below, we first note the maximum effective capacities attained through different transmission strategies described in Section III-A. Subsequently, we identify the corresponding minimum bit energies and the wideband slopes. Now, for the two-user TDMA, if we fix the fraction of time allocated to user 1 as δ ∈ [0, 1], the maximum effective capacities of the two-users in the TDMA region given by (3) become
and
respectively. Next, consider superposition coding with fixed decoding order. We fix the ratio SNR1 SNR2 = λ. Additionally, we let τ denote the fraction of time in which the decoding order (2, 1) is employed. Note that if the decoding order is (2, 1), the receiver first decodes the second user's signal in the presence of interference from first user's signal, and subsequently decodes the first user's signal with no interference. Note that symmetric case occurs when the decoding order is (1, 2) in the remaining (1 − τ ) fraction of the time. When this strategy is used, the maximum effective capacities in the region described in (4) can now be expressed as in (13) and (14) on the next page.
Finally, we turn our attention to superposition coding with variable decoding order. In this case, the decoding order depends on the fading coefficients (z 1 , z 2 ). We define z 2 = g(SNR 1 ) = g(λSNR 2 ) as the partition function in the z 1 − z 2 space 4 . Depending on which decoding order is employed in each region, we have different effective capacity expressions. If users are decoded in the order (1, 2) when z 2 < g(SNR 1 ) and are decoded in the order (2, 1) when z 2 > g(SNR 1 ), the effective capacities are given by (15) and (16) on the next page. Similar effective capacity expressions can be derived if users are decoded in the order (2, 1) if z 2 < g(SNR 1 ) and decoded in the order (1, 2) if z 2 > g(SNR 1 ).
Assumption 1: Throughout the paper, we consider the partition functions g(SNR 1 ) that satisfy the following properties: 1) g(0) is finite.
2) The first and second derivatives g with respect to SNR 1 , g(SNR 1 ) andg(SNR 1 ), exist. Moreover,ġ(0) andg(0) are finite. Denote
Ci as the bit energy of user i = 1, 2. The received bit energy is
As the following result shows, the minimum received bit energies for the different strategies are the same.
SNR2 and all g(z 1 , SNR 1 ) satisfying the properties in Assumption 1, the minimum received bit energy for the multiaccess fading channel attained through TDMA, superposition coding with fixed decoding order, or superposition decoding with varying decoding order, is the same and is given by Proof: Consider the TDMA strategy. Taking the first derivative of the functions in (11) and (12) and letting SNR 1 = 0 and SNR 2 = 0, we obtainĊ
Substituting (19) and (20) into (8), we have
which imply (18) according to (17).
For the superposition coding with fixed decoding, evaluating the first derivative of (13) and (14) at SNR 1 = 0 and SNR 2 = 0, we immediately obtainĊ
which again imply (18) taking into consideration (8) and (17). Next, we prove the result for the variable decoding case. First, we consider (15) and (16) with the associated decoding order assignment. The first derivative of (15) can be expressed as in (25) given on the next page, whereφ 1 is the first derivative of φ 1 , which is defined as
Under the assumptions that g(0) andġ(0) are finite, we can easily see from (25) that letting SNR 1 = 0 leads tȯ
Similarly, taking the first derivative of (16) and letting SNR 2 = 0, we obtainĊ
Applying the definitions in (8) and (17), we prove (18) for this decoding order assignment. For the reverse decoding order assignment (i.e., users are decoded in the order (2, 1) if z 2 < g(SNR 1 ) and decoded in the order (1, 2) if z 2 > g(SNR 1 )), following similar steps, we again obtain the result in (18).
Remark 1:
The result of Theorem 1 shows that different transmission strategies (e.g., TDMA or superposition coding) and different reception schemes (e.g., fixed or variable decoding orders) lead to the same fundamental limit on the minimum bit energy. Similarly as in [2] , TDMA is optimally efficient in the asymptotic regime in which the signal-to-noise ratio vanishes. More interestingly, we note that this result is obtained in the presence of QoS constraints, and the minimum bit energy is clearly independent of the QoS limitations parametrized by the QoS exponents θ 1 and θ 2 . Hence, energy efficiency is not adversely affected by the buffer constraints in this asymptotic regime.
Having shown that the minimum bit energies achieved by different transmission and reception strategies are the same for each user, we note that the wideband slope regions have become more interesting since they quantify the performance in the nonasymptotic regime in which SNRs are small but nonzero. With the analysis approach introduced in [2] , we have the following results.
Theorem 2: The multiaccess slope region achieved by TDMA is given by
where
, β 1 = θ 1 T B log 2 e and β 2 = θ 2 T B log 2 e.
Theorem 3: For any λ = SNR1 SNR2 , the multiaccess slope region achieved by the superposition coding with fixed decoding order is
where S up 1 and S up 2 are the same as defined in Theorem 2. It is interesting to note in the above results that, unlike the minimum bit energy levels, the wideband slopes depend on the QoS exponents θ 1 and θ 2 through β 1 and β 2 . Indeed, as can be seen from the expressions of the upper bounds S up 1 and S up 2 , the wideband slopes tend to diminish as QoS constraints become more stringent and θ 1 and θ 2 increase. Therefore, a performance penalty is experienced in the presence of buffer limitations.
The next result identifies the wideband slope region for the case in which the receiver employs variable decoding order.
Theorem 4: For any λ = SNR1 SNR2 , and any g(SNR 1 ) satisfying the properties in Assumption 1, the multiaccess slope region achieved by superposition coding with variable decoding order is
where S up 1 and S up 2 are the same as defined in Theorem 2. Remark 2: If we compare the third conditions in (30) and (31), we notice that fixed decoding order achieves the same performance as variable decoding order.
In the following result, we establish the suboptimality of TDMA.
Theorem 5: The wideband slope region of TDMA is inside the one attained with superposition coding.
In Fig. 2 , we plot the slope regions in independent Rayleigh fading channels with variances E{z 1 } = E{z 2 } = 1. We assume β 1 = 1 and β 2 = 2. From the figure, we observe the suboptimality of TDMA compared with superposition coding.
V. CONCLUSION
In this paper, we have considered different transmission strategies over multiaccess fading channels under QoS constraints in the low-power regime. We have found that the minimum received bit energies for different users are the same for different transmission and reception techniques. Moreover, minimum bit energy levels do not get affected by the presence of QoS limitations. However, these hold in the asymptotic regime in which SNR vanishes. At low but nonzero SNR levels, performance is investigated through the wideband slope regions which are in general shown to depend on the transmission and reception strategies and QoS exponents. We have noted that stringent QoS constraints lead to smaller wideband slopes. We have shown that superposition strategy with fixed decoding order performs as well as that with variable decoding order in the low-power regime. We have proven that TDMA is suboptimal. For superposition coding with variable decoding order, the decoding order does not affect the slope region.
